ABSTRACT Pairs of Helicoverpa zea (Boddie) larvae reared on diet-incorporated MON810 transgenic leaf tissue of Þeld corn (Zea mays L.) were observed in the laboratory to characterize effects of sublethal levels of Bacillus thuringiensis variety kurstaki (Bt) Cry1Ab endotoxins on cannibalistic behavior and mortality. Feeding on sublethal levels of Bt corn reduced the frequency of cannibalistic behaviors exhibited by H. zea when uneven instars were paired together. Exposure to the Bt endotoxin had no signiÞcant effect on when cannibalistic mortality occurred or the level of mortality as a result of cannibalism. Assuming that H. zea larvae reared on nonBt corn tissue behaved in a similar way that resistant larvae would if feeding on Bt tissue, sublethal effects of Cry1Ab intoxication may reduce the chances of successful cannibalism by susceptible larvae and thus play a disproportionate role in the survival of multiple ear infestations. Furthermore, cannibalistic encounters could result in partially resistant larvae feeding on nontoxic food, thus temporarily providing an escape from exposure to the Bt endotoxin. These behavior alterations could increase the selective differential between susceptible individuals and those carrying resistance genes.
CANNIBALISM HAS A MAJOR impact on the population dynamics of Helicoverpa zea (Boddie) in corn ears (Zea mays L.), causing up to 75% larval mortality (Barber 1936; Stinner et al. 1977) . H. zea larvae developing on corn are usually not limited by food availability. However, cannibalism in this species may have evolved at a time when smaller host plants or plant parts were unable to support more than one larva (Hamilton 1970 , Stinner et al. 1977 . Barber (1936) found that H. zea cannibals gain no additional nutritional beneÞt from this behavior, but Joyner and Gould (1985) reported a nutritional beneÞt of cannibalism under sub-optimal conditions. Cannibalistic behavior is an important consideration for determining rate of adaption by H. zea to Bt transgenic crops (ILSI 1999) . Computer models of H. zea cannibalism in Bt corn predict that if resistant individuals have a growth advantage over susceptible individuals, resistant larvae will win in cannibalistic encounters over smaller, susceptible larvae (Storer 1999) . Although computer simulations of the effect of Bt intoxication on cannibalistic behavior of susceptible larvae showed little impact on resistance development rate of H. zea (Storer et al. 1998) , these predictions have not been validated with empirical data.
Thus, information on the cannibalistic behavior of H. zea exposed to Bt endotoxin will enable reÞnement of model predictions for resistance development.
Cannibalistic behavior of susceptible H. zea larvae feeding on Bt corn may be affected in at least three ways. Firstly, there may be no effect on cannibalism. Secondly, cannibalism may be increased if larvae take longer to develop and search more for nontoxic sources of food, thus increasing the chance of encounters with one another. Thirdly, the rate of cannibalism may be decreased because sublethally intoxicated larvae may be less aggressive, thus allowing a greater number of larvae in multiple ear infestations to survive to later instars. In this case, moderate dose expression in Bt corn could increase the rate of resistance development if resistant or partially resistant individuals do not exhibit diminished cannibalistic behavior and thus cannibalize more susceptible individuals. This would allow more larvae carrying resistance genes to be favored. In this study, experiments were conducted to determine if H. zea larvae exposed to sublethal levels of MON810 Bt corn exhibit changes in cannibalistic behavior and mortality compared with larvae feeding on non-Bt corn.
Materials and Methods
To examine cannibalism of sublethally exposed H. zea larvae, a series of range Þnding bioassays was Þrst conducted to determine a sublethal level of ex-posure. A meridic H. zea diet (Southland Products, Inc., Lake Village, AR) mixed with either dried Bt or non-Bt corn leaf tissue was used to rear H. zea larvae. The MON810 ÔPioneer Brand 33V08Õ (Bt) (Monsanto Company, St Louis, MO) and its nonexpressing nearisoline ÔPioneer Brand 3394Õ (non-Bt) were grown in ßats in the greenhouse until plants reached the V4 stage. Plants were cut at 3 cm above the soil surface, placed in paper bags, and dried in a forced air oven at 55ЊC for Ϸ48 h. The dried material was ground in a tissue grinder using a 1-mm sieve plate and kept at Ϫ80ЊC until used. Bioassays were conducted with 0, 5, 15, 20, 30, and 45 g of the dried plant tissue containing Cry1Ab ␦-endotoxin added per liter of diet to examine H. zea performance. Twenty-Þve neonates were reared individually in 97.5-ml Solo plastic cups containing 15 ml of diet of each concentration. Neonates were hatched from H. zea eggs collected from a laboratory colony of moths that were reared from Ϸ200 larvae collected from a non-Bt cornÞeld. This colony was considered to be susceptible to the Cry1Ab toxin. Mortality was recorded daily until all surviving larvae reached the late sixth instar. The 20 g/liter concentration resulted in 70 Ð 80% larval mortality and a 5Ð7 d developmental delay compared with the controls, and was chosen to simulate responses of larvae feeding on MON810 Bt corn ears in the Þeld (Horner et al. 2003 , Storer et al. 2001 . To provide larvae for cannibalism studies, H. zea eggs collected from the same colony were sterilized for 2 min in 0.5% sodium hypochlorite solution and placed in sterile Petri dishes until hatch. Single neonate larvae were reared in plastic cups containing 15 ml of diet mixed with either 20 g/liter of Bt or non-Bt corn leaf tissue. Diet cups were placed in a rearing chamber maintained at 25ЊC, 70% RH, and a photoperiod of 16:8 (L:D) h, until the appropriate instars were available. Approximately Þve times more cups with Bt-incorporated diet were set up to obtain enough surviving larvae of different instars needed for tests. Larvae surviving MON810 Bt and non-Bt corn were also collected from Þeld plots to supplement the supply of different instars.
Pairings of larvae reared on Bt or non-Bt diet or corn were placed together in 97.5-ml diet cups and observed for 15 min to characterize their cannibalistic behavior. Larvae reared without exposure to Bt corn were considered to represent the behavior of Ôresistant individualsÕ, assuming complete resistance with no associated Þtness costs, whereas those larval instars that survived exposure to Bt corn were assumed to mimic the behavior of sublethally exposed, susceptible individuals. Each cup contained 25 ml of either Bt or non-Bt diet corresponding to the same diet used to rear the test larvae. Eight different combinations of two intermolting instars were observed, including secondÐthird, thirdÐthird, thirdÐfourth, fourthÐfourth, fourthÐÞfth, ÞfthÐÞfth, ÞfthÐsixth, and sixthÐsixth. Forty to 51 pairs of each instar combination were observed for each corn type. Mixed pairings of larvae reared on Bt and non-Bt diet were not tested, nor was the sex of larvae determined because Dial and Adler (1990) reported that sex had no signiÞcant effect on cannibalism. Six behaviors associated with aggression, based on a protocol by Dial and Adler (1990) , were recorded during the 15-min period. These included two offensive and four defensive behaviors: head touching, a light nipping of the opponent with the mandibles; striking, a rapid snap of the head toward the opponent that may or may not result in contact with the opponent; recoiling, a quick jump away from the opponent after contact; moving away, a slower crawling away from the opponent after contact; wriggling, a writhing of the body in an S-shaped motion without ßipping over; and rolling, a complete rotation of the body, usually while intertwined with the opponent. After completion of the observation period, larval pairs in the diet cups were placed into a rearing chamber and checked at 24, 48, and 72 h for mortality of one or both larvae.
Statistical Analyses. Before analyses, data were tested for normality and homogeneity of variances using Spearman Rank Correlation and Shapiro-Wilks test. Data not meeting the assumptions of analysis of variance (ANOVA) were log(10) transformed. Comparisons of offensive and defensive behaviors between larvae reared on Bt and non-Bt corn or incorporated diet were analyzed as a completely randomized design using ANOVA (PROC mixed, SAS Institute 1995). Offensive or defensive types of behavior were totaled separately from each instar pairing, which was deÞned as one sampling unit. Fixed factors included corn type, instar pairing, and their interaction. Data on laboratory-reared and Þeld collected larvae were analyzed both separately and combined. Analyses with combined data included location (laboratory or Þeld) as a Þxed factor as well as the two-and three-way interactions with location. Mean differences were separated by the method of LSDs if the F test was significant (P Յ 0.05). Both Pearson and Spearman correlations were conducted to determine whether there was signiÞcant correlation between offensive and defensive behaviors (P Յ 0.05). Categorized survival data, recorded as the interval of time from the initial pairing encounter to when mortality of one or both larvae occurred at 24, 48, or 72 h, were analyzed by the Mantel-Cox test (Stokes et al. 1995) using the CMH option of PROC freq (SAS Institute 1995). The null hypothesis was that the distribution of time to mortality was the same within each corn type.
Results
A total of 694 pairs (342 odd instars, 352 even instars) of larvae were observed in this study. Offensive and defensive behaviors were signiÞcantly correlated (r ϭ 0.821; P ϭ 0.0001) and thus were separated for analysis. In addition, data from evenly paired instars were analyzed separately from uneven instars. There were no signiÞcant differences between larvae collected from the Þeld and those reared on diet for the numbers of offensive behaviors (F ϭ 0.16; df ϭ 1, 327; P ϭ 0.6891) or defensive behaviors (F ϭ 0.07; df ϭ 1, 327; P ϭ 0.7906). Therefore, data collected from ob-servations of Þeld and laboratory-reared larvae were pooled and analyzed together.
For unevenly paired larvae, a signiÞcant magnitude interaction between corn type and instar for the number of offensive behaviors was exhibited (F ϭ 3.18; df ϭ 3, 327; P ϭ 0.0244) (Fig. 1a) . All four instar pairings of larvae reared on Bt tissue showed less offensive behavior than larvae unexposed to Bt and differences were greater for the younger instar pairings. A more signiÞcant main effect was observed for corn type. Larvae reared on Bt tissue exhibited 6.35 offensive behaviors during the 15 min period, while larval pairs reared on non-Bt exhibited 8.78 offensive behaviors (F ϭ 0.59; df ϭ 1, 327; P ϭ 0.0017). Additionally, there was a signiÞcant instar effect for both offensive (F ϭ 50.39; df ϭ 3, 327; P ϭ 0.0001) and defensive behaviors (F ϭ 35.22; df ϭ 3, 327; P ϭ 0.0001), with pairs of larger larvae exhibiting more behavior than younger larval pairs. For defensive behavior, there were no signiÞcant main or interaction effects for unevenly paired larvae reared on Bt or non-Bt tissue. However, larvae exposed to Bt exhibited numerically fewer counter-aggressive movements in three of the four instar pairings with a P value close to 0.05 (F ϭ 3.25; df ϭ 1, 327; P ϭ 0.0724) (Fig. 2a) .
For evenly paired larvae, the mean numbers of offensive (Fig. 1b) and defensive behaviors (Fig. 2b) were not signiÞcantly different between instar pairs reared on Bt and non-Bt tissue. However, as with unevenly paired larvae, later instars exhibited significantly more offensive (F ϭ 34.18; df ϭ 3, 337; P ϭ 0.0001) and defensive behaviors (F ϭ 32.47; df ϭ 3, 337; P ϭ 0.0001) than younger larvae. These results agree with Barber (1936) who reported that cannibalism by H. zea increased with the age of larvae, a trend that is consistent across cannibalistic species (Polis 1981) .
Sublethal exposure to the Bt endotoxin had no signiÞcant effect on the time when cannibalism occurred in even or uneven paired larvae exposed to Bt and non-Bt corn tissue, nor was there any signiÞcant difference in percentage mortality because of cannibalism (Q MC ϭ 2.114; df ϭ 1; P ϭ 0.1460). Cannibalism of one or both larvae occurred within the Þrst 24 h for 65% of the larval pairs exposed to Bt and 63% of larval pairs exposed to non-Bt. Only 12% of non-Bt and 8% of Bt larval pairings did not result in any cannibalistic mortality after 72 h.
Discussion
Results of this study showed that feeding by H. zea larvae on Bt corn reduced the frequency of cannibalistic behaviors exhibited when uneven instars were paired together. Any reduction in cannibalistic behavior would be expected to increase survival of larvae in multiple infestations in corn ears. This was suggested in Þeld studies by Horner et al. (2003) , who found that the number of H. zea larvae in Bt ears exceeded levels in non-Bt ears at certain times, although larvae in the Bt ears were greatly retarded in growth and caused little injury. Given the space and time constraints of the test arena used in this study, larval survival was not inßuenced by reductions in cannibalism. Addition studies are needed to address the outcomes of cannibalistic interactions within the natural conÞnes of Bt corn ears. Nonetheless, assuming that the H. zea larvae reared on nonBt corn tissue behaved in a similar way that resistant larvae would if feeding on Bt tissue, the sublethal effects of Cry1Ab intoxication may reduce the chances of successful cannibalism by susceptible larvae and thus play a disproportionate role in the survival of multiple ear infestations. If homozygous or heterozygous resistant larvae were present in Bt corn ears, the reduced aggressive behavior of sublethally intoxicated, susceptible larvae would be a disadvantage, particular if the susceptible larva is an earlier instar in cannibalistic encounters. This scenario is likely to occur in Bt corn because of delays in larval development, which may be greater for susceptible larvae than for resistant ones. Studies have shown that susceptible larvae exposed sublethally to a dose of Bt endotoxin expressed in corn ears experience a delay in developmental time by at least 7 d (Horner et al. 2003 , Storer et al. 2001 . If resistant larvae do not experience similar development delays, they could reach later instars before susceptible larvae do, and thus have a greater chance of cannibalizing slower developing, susceptible larvae. Furthermore, cannibalistic encounters could result in partially resistant larvae feeding on nontoxic food, which might temporarily provide an escape from exposure to the Bt endotoxin. Computer simulations by Storer (1999) showed that cannibalistic encounters of susceptible and resistant larvae of the same age would result in a positive survival differential of resistance genes. At moderate larval densities, this can result in a four-fold increase in resistance gene frequency in one generation. These behavioral alterations could increase the selective differential between susceptible individuals of H. zea and those carrying resistance genes, even more than the estimates of parameters assumed by computer simulations. Future research on the cannibalistic interactions of susceptible and resistant H. zea larvae is needed to clearly ascertain their impact on resistance development.
